Pneumocystis jirovecii is a fungal opportunistic pathogen of humans that causes Pneumocystis pneumonia (PcP) in immunocompromised people, including those infected with human immunodeficiency virus (HIV) (11, 31, 39, 42, 51, 52) . The advent of highly active antiretroviral therapy for the treatment of HIV-infected (HIV ϩ ) patients, with the concomitant reconstitution of the immune response, has led to an interest in antigen-specific immune responses directed against P. jirovecii antigens in immunocompromised patients and healthy persons (9, 38) .
The role of antibodies in infection with P. jirovecii is not well defined, and yet there is a high frequency of reactivity to Pneumocystis antigens in healthy adults (29, 34, 35, 40) , probably due to exposure to the organism since childhood, since most children exhibit organism-specific antibodies in early childhood (34, 50) . Furthermore, animal models of Pneumocystis infection suggest that antibodies are important in prevention of PcP (1, 13, 15, 17, 19, 25, 28, 33, 54) . Little is known about the nature of the antigens recognized by human antibodies and the characteristics of the immune response to these antigens in health and disease. Many seroepidemiologic studies have been carried out by using crude antigen preparations derived from infected rodent lungs (4, 6, 27, 30, 34, 37, 40, 41) . The potential antigenic variation in different ex vivo samples, the molecular complexity of Pneumocystis samples isolated ex vivo, the contamination of isolates with coinfecting pathogens, and the inability to clone and grow large numbers of Pneumocystis organisms in vitro make the isolation of standard antigen preparations difficult. Furthermore, Pneumocystis is species specific, suggesting that organisms or antigens derived from animal hosts are not optimal for experiments in the human system and that the use of host-specific reagents is more relevant (51) . These problems, along with the difficulty in obtaining Pneumocystis samples of sufficient size from infected human lungs, suggest that recombinant proteins may be more appropriate for use in immunologic studies.
It is known that many Pneumocystis proteins can serve as antigens in both humans and rodents; however, the molecular identity of many of these antigens has not been determined (32, 40) . One antigen that has been well studied is the major surface glycoprotein (Msg) or glycoprotein A, a family of related proteins encoded by multiple genes in the Pneumocystis genome (12, 14, 22, 26, 43) . Msg elicits protective B-cell and T-cell responses and plays an important role in the interaction of Pneumocystis with its host (18, 46, 47, 48) . It appears that expression of Msg is tightly regulated, and only one msg gene at a time can be transcribed in a Pneumocystis cell (23, 44, 45) . Furthermore, the isoform of Msg that is expressed can change in response to interaction with an antibody, suggesting that Pneumocystis may switch Msg isoform as a mechanism of evasion of the immune system (16) . Such antigenic variation is commonly seen in other organisms such as trypanosomes and the spirochete Borrelia (3, 49, 53) .
We and others have generated recombinant fragments of Msg for use in immunological assays (2, 7, 8, 29) . The carboxyl terminus of Msg, which we call MsgC, is the most antigenic fragment of Msg and has received much attention. We have demonstrated a higher frequency of reactivity by Western blotting and a higher magnitude of reactivity by enzyme-linked immunosorbent assay (ELISA) in HIV ϩ patients that had a prior episode of PcP (PcP ϩ ) compared to those who did not have PcP (PcP Ϫ ) (7, 8) . However, other workers have reported different results using recombinant Msg C-terminal fragments that are similar but not identical to the construct we used (2, 29) . The observed discrepancies in the reported results could be due to differences in MsgC used or to differences in the patient populations sampled.
It is important to determine whether individual clones of MsgC behave differently in biological assays. Furthermore, Msg antigenic variation is important for basic science and clinical aspects of P. jirovecii infection. Here we have assessed the role of MsgC clone variation on serum antibody reactivity using patient samples with known reactivity patterns to our original MsgC fragment. We have generated a small panel of three new MsgC fragments that differ from one another in putative amino acid sequence and have analyzed by Western blotting and ELISA the serum antibody reactivity to these fragments in blood donors (BDs) and HIV ϩ patients that have previously been analyzed for reactivity to a single MsgC clone.
MATERIALS AND METHODS
Serum specimens. Serum samples, as well as the demographic and clinical information about the human subjects used in the present study, were described in detail in our earlier reports (7, 8) . Briefly, these specimens included 95 samples from healthy BDs at the Hoxworth Blood Center, Cincinnati, OH, and 94 specimens from HIV ϩ patients at the University of Cincinnati Infectious Disease Center. Of these, 33 were from PcP ϩ patients and 61 were from PcP Ϫ patients. PcP diagnosis was based on microscopic examination of a silver-stained preparation following bronchoscopy.
Isolation and expression of MsgC fragments. We had previously described the characterization of a fragment of Msg (MsgC) which we amplified by PCR from a cloned msg gene. Here we call that fragment MsgC1 to differentiate it from others that we have generated. New MsgC fragments called MsgC3, MsgC8, and MsgC9 were cloned, expressed, and purified as previously described (7, 8) . Briefly, oligonucleotides were designed based on the known sequences of six msg genes of P. jirovecii (12, 29) and are specific for conserved regions of these genes. They were used in PCRs with DNA isolated from P. jirovecii-infected human lung as a template and Amplitaq enzyme (Applied Biosystems, Foster City, CA) to generate msgC gene segments. The sequences of the oligonucleotides were as follows: 5Ј-CGTTTCTCTTTTGTATGTGT-3Ј (forward) and 5Ј-ATCATGAAC GAAATAACC-3Ј (reverse). The PCR products were cloned into the pCR2.1-TOPO vector (Invitrogen, Madison WI) for restriction mapping and nucleotide sequencing and were then inserted into the pET30 vector (Novagen, Madison WI) in the correct orientation for the expression and purification of recombinant MsgC proteins in Escherichia coli. The recombinant proteins were expressed in inclusion bodies within E. coli and were purified by standard methods. Briefly, bacterial cultures expressing recombinant proteins were harvested by centrifugation, the cell pellet was sonicated and washed three times in binding buffer without urea (5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl [pH 7.9]), and the final pellet was dissolved in binding buffer with 6 M urea. The recombinant preparations were purified by affinity chromatography using HIS-Binding resin (Novagen, Madison, WI), with the urea being removed during the wash stages. Eluted proteins were dialyzed overnight against phosphate-buffered saline (PBS; pH 7.4), divided into aliquots, and frozen at Ϫ70°C until use. Recombinant protein expressed from the pET30 vector without insert was used as a control antigen. Protein concentration was determined based on the A 280 using a standard curve generated with bovine serum albumin.
Western blot analysis. Western blot analysis was performed according to previously reported procedures (7) . In brief, recombinant MsgC fragments were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to nitrocellulose, blocked in 1% nonfat milk in TTBS (20 mM Tris, 0.5 M NaCl, 0.05% Tween 20), cut into strips, and incubated with serum specimens (diluted 1/50 in TTBS). The strips were washed and incubated with horseradish peroxidase (HRP)-labeled goat anti-human immunoglobulin G (IgG; Kirkegaard & Perry Laboratories, Gaithersburg, MD), and color was developed with TMB (3,3Ј,5,5Ј-tetramethylbenzidine) substrate. HRP-labeled S protein, which reacts with the S-tag expressed by the pET30 vector, was used to identify the appropriate bands for analysis and served as a positive control. Each assay was read by two independent readers.
ELISA. ELISA was performed according to previously reported procedures (8) . Briefly, all serum specimens to be analyzed, as well as a standard reference serum, were tested against the following antigens: recombinant MsgC fragments, E. coli extract expressing the pET vector without insert as a vector control, and PBS without antigen (negative control). Duplicate wells of a 96-well plate were coated with antigen (5 g/ml, 100 l/well) in PBS (pH 7.4) overnight. The plates were washed in wash buffer (PBS with 0.05% Tween 20) and blocked with blocking buffer (wash buffer with 5% nonfat milk) (200 l/well) for 2 h at room temperature. The plates were washed again, and human serum diluted 1/100 in blocking buffer was added to each well (100 l/well). The plates were rocked overnight at 4°C and washed in wash buffer, and HRP-labeled goat anti-human IgG (heavy and light chain) was added to each well (100 l/well at a 1/5,000 dilution in blocking buffer). The negative control (no antigen) and two positive controls (HRP-labeled S protein and a standard serum pool) were used on each plate. The plates were incubated at room temperature for 1 h, washed, and developed by adding TMB substrate (100 l/well). Color was allowed to develop for 4 min, the reaction was stopped by the addition of 100 l of 0.18 M H 2 SO 4 to each well, and the plates were read at a wavelength of 450 nm. The reactivity of each serum specimen to Msg was corrected by subtraction of the reactivity of that serum to the pET protein (the mean optical density of Msg Ϫ the mean optical density of pET). Variations in assay results using a control serum were measured for MsgC1 on a per-plate, daily, and 4-day basis (the coefficients of variance [CV] were 3.6 to 7%, 4.8 to 7.4%, and 13.3%, respectively).
Statistics. Statistical analysis for Western blot studies was performed by Graphpad Instat (Graphpad Software). The statistical significance (P Ͻ 0.05) of categorical variables was determined by the 2 test or, when appropriate, by the Fisher exact test.
Mean differences in ELISA results by patient status were evaluated after subtracting the value of pET from each antigen level. The distributions of corrected antigen levels for MsgC1, MsgC3, MsgC8, and MsgC9 were visually assessed and tested for normality using the Shapiro-Wilk's statistic. The log transformation was applied in order to satisfy the assumption of normality, thus contributing to accurate interpretation of results of hypothesis testing. Preliminary analyses showed that antigen variability differed among patient groups. To satisfy the assumption of homogeneity of variance, weighted least-squares regressions were performed to evaluate differences between mean values for each antigen among patient groups: BDs, HIV PcP ϩ patients, and HIV PcP Ϫ patients. Differences between each pair of means was evaluated after the Tukey's adjustment was applied to the overall significance level of 0.05 to adjust for multiple comparisons. Analyses were carried out by using the SAS software PROC GLM (SAS for Windows, version 9.2; SAS Institute, Cary, NC).
GenBank accession numbers. The GenBank accession numbers for MsgC3, MsgC8, and MsgC9 are DQ000981, DQ000982, and DQ000983, respectively.
RESULTS

Generation of a panel of different MsgC fragments.
We used PCR to generate a small panel of different MsgC clones as outlined in Materials and Methods. DNA sequence analysis showed that the three new MsgC clones differed from one another and from the existing MsgC clone in nucleotide sequence and in putative amino acid sequence (Fig. 1) . The four MsgC variants, which each code for approximately 425 amino acids, exhibited 83 to 99% homology at the nucleotide level and 77 to 99% homology at the putative amino acid level. MsgC3 and MsgC9 were the most closely related, having just three amino acid substitutions, two of which resided within the amino-terminal 20 amino acid residues and resulted in charge differences.
Western blot analysis of MsgC fragments. We initially tested 95 healthy BD sera and 94 samples from HIV ϩ patients, 33 of whom had had a previous bout of PcP, for the ability to recognize MsgC3, MsgC8, and MsgC9 in Western blot analysis. Figure 2 shows a Western blot of reactivity to MsgC3 in HIV ϩ patients and is typical of the results seen with all patient populations and all constructs. We then compared these results to those previously obtained for MsgC1 (Fig. 3 Table 1 shows a summary of the reactivity of the sera from each patient population to each of the MsgC constructs used.
As previously described, the frequency of reactivity to MsgC1 was significantly higher in PcP ϩ patients than in PcP Table 2 ). The patterns of recognition of the clones were similar in PcP ϩ and PcP Ϫ sera, with the highest reactivity recorded against MsgC1, followed by MsgC3, MsgC9, and MsgC8. However, the hierarchy of recognition of the clones was different for BDs (MsgC3 Ͼ MsgC1 Ͼ MsgC9 Ͼ MsgC8). Furthermore, the magnitudes of the responses were similar for all clones in the BD population, whereas the responses seen in PcP ϩ and PcP Ϫ sera were more widespread. The response to MsgC1 in ELISA was significantly higher in the PcP ϩ patient population than in the BD or PcP Ϫ groups and was higher in the PcP Ϫ group than in BDs ( a P values were obtained by using Tukey's adjustment for multiple comparisons. Mean values were obtained by using weighted least-squares regression. *, significant (P Յ 0.01) differences between all means; †, significant (P Յ 0.01) difference between means (PcP Ϫ versus PcP ϩ ); ‡, significant (P Յ 0.01) differences between means (BD versus PcP Ϫ , BD versus PcP).
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on September 6, 2017 by guest http://cvi.asm.org/ common to all MsgC clones. Using the four clones of MsgC tested here, we were able to find significant differences in serum reactivity in BDs and in PcP ϩ and PcP Ϫ patient populations.
The spectrum of results is interesting for two main reasons. First, the utility of any given MsgC clone is an intrinsic property of the amino acid sequence of the molecule, since the same patient sera were tested on each MsgC clone. The fact that individual MsgC clones have different characteristics within the same test populations is one explanation for the difference in results obtained by different labs using recombinant Msg fragments in immunological assays. Second, the choice of MsgC to be studied can be made to suit the patient cohorts studied. For example, in Western blot analyses, MsgC3 would be useful for comparing BD and PcP Ϫ sera or PcP ϩ and PcP Ϫ specimens, but MsgC8 would be useful for studying BD and PcP ϩ sera. Each MsgC was recognized independently of the others in Western blot analyses. This suggests that there are clone-specific antibody epitopes on each MsgC molecule and that these epitopes are responsible for the discriminatory power of the MsgC clone. There is, however, a bias toward the recognition of multiple clones in a given serum sample, which is evident in both methods of assay and in all patient populations examined. The ability to recognize more than one MsgC clone differentiates PcP ϩ patients as a group from either PcP Ϫ patients or BDs in Western blot analysis in that there is a significantly higher frequency of recognition of multiple clones in the PcP ϩ cohort. The recognition of more than one MsgC molecule could be explained by the presence of separate pools of MsgC clone-specific antibodies, a single pool of cross-reactive antibodies, or both. Although cross-reactive antibodies may exist, they do not mask the presence of unique epitopes on MsgC molecules, allowing differences in reactivity in patient populations to be studied.
In an ELISA each MsgC could be recognized by each patient population, but the magnitudes of the responses varied with the clone used and the population assayed. The response to MsgC1 and MsgC3 was highest in the PcP ϩ patients and was significantly higher than the corresponding response in PcP Ϫ patients. The response to MsgC1 was also significantly higher in the PcP ϩ patient population than in the BDs. In the BD group, the levels of response to each of the four clones tested were very similar. This was not the case for either the PcP ϩ or PcP Ϫ cohort, which had a much broader spectrum of responses. Interestingly, the hierarchy in responses seen in PcP ϩ and PcP Ϫ patient populations (MsgC1 Ͼ MsgC3 Ͼ MsgC9 Ͼ MsgC8) was different for healthy BDs, where MsgC3 showed the highest level of reactivity.
The results of ELISA and Western blot analyses are quite distinct and are not fully concordant, as we had previously reported for the recombinant Msg fragments MsgA, MsgB, and MsgC1. We interpret this as meaning that the epitopes that are recognized in both assays are different. It is likely that Western blotting selects for linear epitopes, since the process involves reduction and denaturation of antigens. However, in an ELISA the antigens are not reduced or denatured and may represent a mixture of linear and conformational epitopes.
The PcP ϩ patient population is interesting in that it exhibits an increased frequency of response to multiple MsgC clones in Western blot analyses compared to BDs or PcP Ϫ patients, has the highest magnitude of response to two of the four clones tested by ELISA, and demonstrates a different hierarchy of responses in ELISA than do healthy BDs. One possible explanation for this is that healthy BDs who are exposed to Pneumocystis probably clear the organism from the body faster than PcP ϩ patients. The longer exposure time in PcP ϩ patients may allow a wider spectrum of Msg variants to be expressed by the organism and to serve as antigens for the immune system. Healthy BD and PcP Ϫ patients would not have such an exposure and would be less likely to recognize multiple MsgC clones.
One caveat in studying reactivity to multiple clones of MsgC is the diversity of the clones used in the study. It is likely that if clones of an antigen are closely related in linear amino acid sequence, they will behave similarly in immunological assays, thereby increasing the frequency of reactivity to multiple clones. Our MsgC clones exhibit 77 to 99% homology at the putative amino acid level, and it is probable that results would vary if different clones were used. The choice of oligonucleotides used for PCR may be a factor in generating diversity in a panel of MsgC clones. The oligonucleotides that we designed were chosen because they are specific for a highly conserved region of six different msg genes whose sequences are available in the scientific literature. Five of the six genes analyzed were identical in nucleotide sequence, and all six were identical in putative amino acid sequence, at the sites where our primers anneal. Our primers were designed based on the frequency of nucleotide sequences in these conserved regions and, to increase the chances of obtaining products, favor the most frequent sequence. It is possible that choosing a different set of primers would result in a different set of MsgC fragments; however, this potential for bias in the generation of MsgC clones does not affect the results of this work, since the four clones we have generated at random all have different nucleotide sequences and behave differently in antibody recognition assays.
The major surface glycoprotein of Pneumocystis is a glycosylated protein, and it is likely that sugar moieties play a role in the formation of antigenic epitopes in the Msg molecule. The Msg fragments that we have used here were generated as recombinant proteins expressed in E. coli and are therefore not posttranslationally modified by glycosylation. The epitopes that we address here and in previous studies are contained within the protein backbone of Msg and do not include any effects of posttranslational modification. Therefore, it is likely that we will not be able to study certain antibody epitopes of Msg; however, the fact that these recombinants are recognized specifically by antibodies and that reactivity to recombinant MsgC fragments can differentiate between different patient populations suggests that this system of study is valid and will yield interesting results. Other expression systems that allow for glycosylation to occur, for example, Pichia pastoris, would allow us to test whether proteins expressed in different glycosylation states behave differently in immunological assays. To date, we have not expressed our Msg recombinant antigens in such systems, and the validity of such systems may be doubtful since glycosylation patterns may vary on an organism-specific basis.
It is likely that MsgC molecules can consist of more than one epitope, which complicates serological analysis of immunoreactivity. The nature of individual epitopes of Msg has not been studied, and a comparison of the linear sequences of different Msg molecules shows too many differences to be useful for mapping individual epitopes. However, the present study has identified two MsgC clones-MsgC3 and MsgC9-that differ in only three amino acids close to the amino-terminal end of the molecule. These clones behave differently from one another in both Western blot analyses and ELISAs, and each clone can be recognized independently of the other, suggesting that a small number of amino acids can affect the recognition of MsgC by antibodies. We do not know whether these truly represent MsgC clones encoded by the Pneumocystis genome or if they are variants due to PCR errors; however, they do serve as valid antigens with which to probe the breadth of the immune response to an Msg molecule and can test the extent of variability that is tolerated by antibodies during immune recognition. The small number of polymorphic amino acids in these two clones makes it feasible to map the contribution of individual amino acids to the epitope responsible for each phenotype. We are currently using site-directed mutagenesis to make and express MsgC3/MsgC9 chimeric molecules to further dissect the epitopes recognized in these molecules. The identification of individual epitopes on these molecules will be very useful for studying regions of Msg that may be involved in protection from infection or recovery from disease.
The results of the present study show significant differences in frequency and magnitude of serum antibody responses in BDs and in PcP ϩ and PcP Ϫ patient populations to different MsgC clones. We have examined the total IgG response to Msg antigens and, while the results are interesting, the present study is a preliminary one, and the analysis of IgG subtypes may yield data relevant to the disease state. We have not yet examined the reactivity of individual IgG subtypes to Msg fragments in any patient population. The results of such an analysis may help define a clinically relevant role for immune reactivity to Msg constructs in healthy donors and patients at risk for developing PcP.
Although the role of P. jirovecii-specific antibodies in recovery from or susceptibility to PcP has not been clearly defined, antibody titers do vary with onset and recovery from PcP (5, 10, 20, 21, 24, 36) . The data reported here suggest that study of the immune responses to MsgC fragments may be a way of identifying epitopes important in PcP outcome and suggest that these reagents will be useful for describing serological parameters that may change with disease state or HIV infection. An understanding of these responses and the role they play in Pneumocystis pneumonia may help identify at-risk patients that have strong immune reactivity to Pneumocystis antigens and may be predictive of the outcome of disease. Our goal is to assay the immune responses of individual HIV-infected patients, both PcP ϩ and PcP Ϫ , over time to determine whether there is a change in the serological reactivity to Msg fragments over time and how that affects the outcome of infection.
